1. A theoretical appraisal of the alternative pathway mechanism for a twosubstrate enzyme shows that this mechanism is capable of giving rise to apparent substrate inhibition or substrate activation (Dalziel, 1958) . It has now been shown that these phenomena may occur simultaneously in the following ways. With certain relationships between the kinetic parameters and the constant concentration of one substrate, A, the plot of initial rate, v, against the concentration of the other substrate, B, may show substrate 'activation' at low concentrations of B and substrate 'inhibition' at high concentrations of B. In other circumstances the plot of v against [B] , with [A] constant, may be sigmoid (substrate activation), whereas the plot of v against [A] , with [B] constant, may pass through a maximum (substrate inhibition). 2. Kinetic data for phosphofructokinase are of the latter type and it is suggested that the mechanism ofthis enzyme may involve a kinetically preferred pathway. It is emphasized that the phenomena of substrate inhibition and activation need not necessarily involve more than one binding site for each substrate on the enzyme molecule, nor more than one monomer per molecule.
The current interest in regulatory enzymes, many of which exhibit curves of initial velocity against substrate concentration that are either sigmoid or pass through maxima, stimulated a search for models of enzyme mechanism that would explain such kinetic data.
Where sigmoid curves have been found they have often been interpreted in terms of co-operative sub-unit interactions of the type described by Adair (1925) for haemoglobin. Though this is probably correct in many cases, Atkinson & Walton (1965) have pointed out that '... sigmoid rate curves... do not necessarily require sub-unit aggregation or more than one catalytic site per molecule '. Further, Dalziel (1957) has shown that an alternative pathway mechanism for a two-substrate enzyme may in certain cases give rise to substrate activation.
Similarly, where rate curves have been found to pass through a maximum it has often been concluded that a second binding site for substrate is necessary to explain the substrate inhibition at high concentrations (e.g. Alberty, 1956) . Such a conclusion is only one of several possible ones, as has been shown previously (Dalziel, 1957 (Dalziel, , 1958 Theorell & McKinley-McKee, 1961; Raval & Wolfe, 1963; Massey & Veeger, 1963 (Ingraham & Makower, 1954; Dixon & Webb, 1964 (ii b) Fig. 1 . Shapes of the initial rate curves for the alternative pathway mechanism (eqns. 1 and 2 in the text) with various relationships among the constants i,j, k, I and m of eqn. (2). Botts (1958) has also described the general shape of the curves that may arise from eqn. (2), in connexion with various single-substrate enzyme models.
There will be maxima or minima in the plot of v against a when dv/da = 0, i.e. when a = + oo or when the numerator of eqn. (3) is zero. In the latter case the roots are given by:
These roots will be negative and therefore of no practical interest, except when im <jl, when there will be one positive root and one negative root. The second differential of the initial rate is given by:
This shows that points of inflexion will be present in the plot of v against a when a = + oo or when the numerator of eqn. (4) is zero, i.e. when:
The roots of eqn. (5) will, once more, be negative and of no practical interest, except when either of the following conditions is met:
Condition (i): ki > mj and im >jl Condition (ii): im < jl
In the second condition, from the earlier consideration, there will also be a maximum at a positive value of a. If, at the same time, ki < mj there will be a single point of inflexion at a positive value of a (iia), whereas if ki > mj there will be two positive points of inflexion (iib). If ki=rmj there will be one point of inflexion at the origin and one at a positive value of a. The expected rate curves will therefore have the appearance shown in Fig. 1 . Fig. 1 (iib) indicates that this mechanism could give rise to a rate curve showing substrate activation at low substrate concentrations and substrate inhibition at high substrate concentrations. Each of the constants i, j, k, I and m is itself a very complex function of the rate constants and of b (see Dixon & Webb, 1964) , so that conditions (i) and (ii) are extremely complex in terms of the rate constants and b. It has not been possible to reduce these conditions to a form in which obvious relationships among the rate constants can be seen. It appears that for either condition k+5 should be large, that part of condition (i) is k+1 > k+4 and that part of condition (ii) is k+2 > k+3. However, a number of hypothetical cases were inspected to see whether any plausible combinations of the rate constants would meet either of the above conditions for points of inflexion. As would be expected, no case where breakdown of EXY to products is ratelimiting (i.e. 'rapid-equilibrium' or MichaelisMenten-Haldane kinetics) will meet either condition; nor will any steady-state situation, where both routes to EXY (see eqn. 1) are equally favoured, or where one route is obligatory.
On the other hand, the following situation meets condition (i). Let the values of the rate constants in eqn.
(1) be as follows: k+1 = k+3 = 105; k+2 = k+4 = 104; k+5 = 106 k1= k3 = 10-1; k2 = k-4 = 10-2 (the rate constants and concentrations have not been given any dimensions, but any consistent set of dimensions would be acceptable). The reaction now has a kinetically preferred pathway: (1964) . These values lead to the relationships shown in Table 1 , and these satisfy condition (i) in all cases, except when b = 10-7.
This demonstrates that for values of b> 10-6 there will be a point of inflexion in the graph of v against a, which is shown for b = 10-3 in Fig. 2(a) . The points have been calculated from eqn. (2), by substituting the calculated values of i, j, k, I and m. There is a point of inflexion at a = 4 6 x 10-4.
If the points shown in Fig. 2 (Wyman, 1948 (Wyman, , 1963 , in which n is taken as a measure of the cooperative effects present in the haemoglobin molecule.
A further property of the enzyme system considered above is that, if now a were to be held constant while b was increased, the plot of v against b would be of different form. (This is equivalent to the situation where the values of k+1 and k+2, k-1 and k_2, k+3 and k+4, k-3 and k-4 have all been interchanged, and b is held constant and v plotted against a as before.) The new relationships are shown in Table 2 .
In every case, except for a= 10-7, the relationships satisfy condition (iia) and we should expect both a point of inflexion and a maximum in the plot of v against b. This is shown in Fig. 2 (i +jx)3 These equations show that when l/v is plotted against 1/a the curve intercepts the I/v axis at I/i with a slope of (im -jl)/i2. As 1/a approaches oo, the slope approaches k/j. Further, from eqn. (8) there will be a minimum when:
If im < jl this will be at a positive value of 1/a, and the condition is the same as for a maximum in the plot of v against a, i.e. condition (ii). When condition (i) applies the reciprocal plot will have its concave side uppermost, i.e. the slope increases as 1/a increases, but there will be no minimum, maximum or point of inflexion. For a reciprocal plot to have its convex side uppermost, the condition is that im > jl and ki < mj, which is also necessary for a linear reciprocal plot. In the latter case eqn. (9) shows that, in addition, ki2 =j(im-jl), which may be rearranged to give j21 = i(mj -ki). In this special case the slope will be k/j.
A similar treatment shows that for the plot of a/v against a the intercept on the a/v axis will be k/j, and there will be a minimum when ki > mj, which is part of the condition for a sigmoid plot of v against a. As before, the plot will be linear when ki2 =j(im -jl) and under these circumstances the slope will be I/i. The most interesting of the customary methods of plotting kinetic data is the one where v is plotted against v/a. In this case the curve intercepts the v axis at i/I with a slope of (jl-im)/il, and the v/a axis at j/k with a slope of kj/(ki-mj). When im <ji there will be a maximum (as in the plot of v against a), but if ki> mj the curve will double back on itself. The data for Fig. 2 are replotted in Fig. 3 in this manner, and case (a), which gave a sigmoid curve in Fig. 2 , is bow-shaped in Fig. 3 . Once again, if ki2 =j(iM -jl) the plot will be linear, with slope -ki/jl.
A qualitative understanding of the properties of the 'preferred order' system shown in Figs. 2 and 3 can be arrived at as follows. In case (a) of Fig. 2 , that substrate, B, is held at a constant concentration which binds less readily to the free enzyme. As the concentration of the other substrate, A, is increased from very low values, at first most of it will react with EB, which will exist at a relatively high concentration, and the route followed will be almost entirely:
At higher concentrations of A, however, the other, kinetically preferred, route can begin to take over, thus accounting for the upward lift in the rate curve. At very high concentrations of A the enzyme becomes saturated with A and the rate will level off. This is shown in Table 3 . In the second case the situation is reversed and the substrate, A, that is held at a constant concentration binds more readily to the free enzyme. But once the concentration of B becomes high enough to overcome the kinetic factor favouring the formation of EA more and more of the slower-reacting EB will be formed, thus reducing the overall velocity observed.
It is tempting to suppose that any steady-state system where there is a kinetically preferred pathway would give rise to the kind of sigmoid plot shown in Fig. 2(a) when the substrate, B, that is held at a constant concentration is the second one that is added on in the preferred pathway. Also, it could be supposed that holding the concentration of A constant in such a system would always give the type of curve shown in Fig. 2(b) . Such suppositions can hardly be justified in view of the complexity of the conditions (i) and (ii) that govern the appearance of such curves. It is, however, reasonable to suppose that if one starts by considering the scheme of eqn. (1), with the concentration of B held constant, and chooses rate Vol. 98 Table 3 . Di8tribution of enzyme among the different intermediate8, and the relative flow through the two pathway8 8hown in eqn. 1, for the hypothetical enzyme who8e rate curve iw 8hown in Fig. 2(a) The relative concentrations of the intermediates were calculated by solving the simultaneous steady-state equations for the hypothetical enzyme. Relative rates of flow through the two pathways were calculated by comparing the net rates of formation of EA and EB from E. Line 3 shows the situation at the point of inflexion of Fig. 2(a) Table 3 ).
In work on aspartate transcarbamoylase, the elegant experiments of Gerhart & Pardee (1964) , who used maleate as a competitor for aspartate, suggest very strongly that here sub-unit interactions are responsible for the sigmoid rate curves. Further, the sigmoid curve obtained for this enzyme is a fairly symmetrical one, whereas in the 'preferred pathway' cases so far examined the sigmoid curves have all been unsymmetrical with the final plateau reached only at concentrations of A much higher than those present in the region of the point of inflexion.
The kinetic data for phosphofructokinase (Atkinson & Walton, 1965; Underwood & Newsholme, 1965) are very similar to the curves shown in Fig. 2 , and it may well be that the mechanism of this enzyme action involves a kinetically preferred pathway. It is true that the effects of modifiers such as AMP would require an 'effector' site on the enzyme molecule somewhere other than the active site, as suggested by Atkinson & Walton (1965) . It may, however, be unnecessary to postulate other binding sites for the substrates, which would simplify the picture of the phosphofructokinase molecule considerably.
Other enzymes that show similar kinetic properties and whose mechanisms could perhaps be explained on the basis described above are NADisocitrate dehydrogenase of yeast (Hathaway & Atkinson, 1963) and heart malate dehydrogenase (Wolfe & Neilands, 1956; Davies & Kun, 1957 Such a situation might arise in Fig. 2(a) if the substrate A was a small molecule of positive charge binding to a rigid, negatively charged, active site, whereas B was a large negatively charged molecule binding at an uncharged part of the rigid active site. Other situations can be imagined in which conformational changes attendant on the binding of one substrate would affect the binding of the other in the manner described by the 'induced fit' hypothesis (e.g. Koshland, 1963) . The latter situation would bear a close resemblance to the interaction postulated for haemoglobin and aspartate transcarbamoylase, except for the relatively minor difference that the interaction would be 'monosteric' rather than allosteric.
